M
arine fisheries are failing (Pauly et al. 1998 (Pauly et al. , 2002 , and species from invertebrates to charismatic megafauna are threatened by fishing pressures and other environmental changes. The remedies are not simple, but clearly marine reserves have a fundamental role to play . The design of reserve systems requires a sound theoretical foundation, which has led to the beginning of a science of reserve design, both in marine (Gerber et al. 2003) and terrestrial systems (ReVelle et al. 2002) . The problem of designing successful reserves, which would be difficult even if there were only a single goal, is further complicated by goals related to the preservation of biodiversity, to the extraction of renewable natural resources (e.g., fisheries; Hastings and Botsford 2003) , and more generally to the maintenance of a range of services that humans derive from ecosystems.
The criteria that are used to select protected sites are an important part of marine reserve design , Roberts et al. 2003 . Recent studies suggest that the various goals motivating the establishment of marine reserves can significantly overlap when the selection criteria are based on an ecosystem approach, in which the main goal is the maintenance of the highest possible biodiversity and the protection of underlying ecological processes (Roberts et al. 2003) . The ecosystem approach thus recognizes that the viability both of single species and of whole communities ultimately depends on ecological processes involving many species. Although the ecosystem approach to marine reserve design seems to provide the greatest potential for generalization , it is limited by researchers' understanding of the ecological and physical processes that influence the distribution of species across spatial and temporal scales.
Complexity in the design of marine reserves results from the large number of species involved and from the underlying physical and biological heterogeneity of the landscape. Single reserves present one set of problems, but the design of reserve networks places additional emphasis on understanding patterns of dispersal. In marine systems, dispersal is the result of a complex interaction between physical factors (the movement of water) and biological factors (organisms' behavior), making its description even more difficult (Flierl et al. 1999 ). Because it is impossible to describe the dynamics of marine ecosystems in all their biological and physical complexity, simplifying assumptions are needed to develop principles for the design of marine protected areas.
Two very different approaches are typically used in designing marine reserves. In the static approach, the dynamic complexity and connectivity of the system are ignored, and the focus is on making sure that different habitats and species are sufficiently represented within the network of reserves (Roberts et al. 2003) . By contrast, the other main approach emphasizes the importance of connectivity and the inclusion of dynamics. However, in most cases, only single-species dynamics and idealized connections based on simple aspects of connectivity have been included. Real systems include multiple species, complex physics, heterogeneous habitats, and temporal variability. In developing principles for the design of reserves, it is essential to understand the role of system complexity. Recent advances in ecological theory have begun to address this complexity, at least in conceptual models that help to develop an understanding of how different features influence the dynamics of real systems. Our goal here is to begin bridging the gap between the two most common approaches to marine reserve design by exploring a simple metacommunity model. A metacommunity can be defined as a set of potentially interacting species coupled through dispersal (Wilson 1992) . Metacommunity theory has been developed to elucidate the maintenance of biodiversity in fragmented habitats (Klausmeier 2001, Mouquet and Loreau 2002) . Here we use metacommunities to explore the interacting roles of larval dispersal and species interactions in generating largescale patterns of species distribution.
We begin by reviewing recent work that illustrates the general importance of connectivity in marine reserve design. Next, we discuss how to move beyond idealized descriptions of the influence of physical factors by using approaches based on computing actual flows. We have developed approaches that are based on the dynamics of communities, rather than single species, in a complex marine environment. Putting all these pieces together, we present a synthetic approach that furthers the science underlying the design of marine reserves. Our focus is on biological and physical dynamics; we do not emphasize the economic issues that would need to be addressed in a full treatment (especially when considering the two main goals of marine reserves, the preservation of biodiversity and the sustainable extraction of renewable resources). We also focus on marine organisms with sessile or sedentary adults and mobile larvae, which include many marine invertebrates, algae, and reef fish but exclude fish species with highly mobile adults, such as cod or swordfish. However, the issues we discuss are sufficiently complex that they need to be fully understood before tackling the even more complex issues of economics and the dispersal of mobile adult fish.
Larval supply and population models
Any model describing the dynamics of marine invertebrate species characterized by a pelagic larval stage must include the recruitment of larvae into the sessile adult population. Recruitment is essential to balance mortality within the adult population and maintain long-term viability. Because the duration of larval stages in many marine species potentially allows for very long-range dispersal, early conceptual and mathematical models of coastal systems assumed that each local population along the shore could be viewed as an open system in which larval supply is independent not only of local but also of global production (Levin and Paine 1974, Roughgarden and Iwasa 1986) . This assumption, supported by observations showing that some intertidal populations were limited by larval supply rather than by local production and fecundity, led to ecological supply-side theory Roughgarden 1985, Underwood and Fairweather 1989) and suggested that offshore transport processes, such as upwelling events associated with shoreward currents, would control onshore population dynamics . One modification of these open-system models consisted of representing local larval production through metapopulation models in which all sites contribute to a global and homogeneous larval pool (Roughgarden and Iwasa 1986 ). More recent studies coupled transport models with onshore population dynamics that involved birth and death processes as well as regulating mechanisms such as competition. These models, in which larvae have a heterogeneous distribution based on large-scale transport, revealed the importance of specific oceanographic transport properties on population dynamics (Alexander and Roughgarden 1996) and on the boundaries of species distribution (Gaylord and Gaines 2000) .
These more recent modeling efforts are a response to empirical studies and hydrodynamic models suggesting that some species show (a) significant retention of local production (Jones et al. 1999 ) and (b) limited dispersal distances that can be explained by offshore transport and larval behavior (figure 1). Self-seeding at the scale of small islands (10 kilometers) has been documented even for fish species that have extended larval stages (Jones et al. 1999 , Swearer et al. 1999 , meaning that systems are not open at this scale. Studies of genetic distance as a function of geographic distance between populations make it possible to estimate the mean dispersal distance of benthic species and to show that even long-distance dispersal is still spatially constrained to tens or hundreds of kilometers. These estimates, which quantify the spatial scale at which larval production and recruitment are coupled, do not justify the assumption of openness or of well-mixed dispersal . Detailed transport models applied to specific areas show that ocean currents can limit the dispersal of species with extended larval stages (Cowen et al. 2000 , Lipcius et al. 2001 , James et al. 2002 . Direct measurement of dispersal is impossible for invertebrates and difficult for fish, so it is hard to validate these findings, but we will review how they have already influenced marine reserve design by highlighting the importance of reserve networks.
Marine reserve networks
The recognition of limited larval dispersal and the exploration of the resulting large-scale dynamics have contributed to the emergence of reserve networks as an important concept (Botsford et al. 1998 , Palumbi 2003 . Spatially explicit models can be used to explore the role of dispersal in maintaining the persistence and stability of populations in the face of habitat fragmentation. This simple approach has led to a paradigm shift in marine reserve design theory, with the design of large-scale marine reserve networks becoming as important as the actual location of single protected sites selected on the basis of predefined habitat criteria (Roberts et al. 2001) . Spatially explicit models highlight the importance of spatial coupling of populations into metapopulations in idealized homogeneous habitats, showing that failure to maintain appropriate connectivity through a reserve network can result in highly productive sites losing their production to unprotected areas. These models can also make predictions in terms of the optimal size, number, and spacing of reserves (Botsford et al. 2001 ) that can produce persistence under various constraints.
Most spatially explicit models applied to marine reserves use simplistic assumptions and first principles to derive larval dispersal, because the complexity of natural communities and of large-scale hydrodynamics imposes a limit on researchers' ability to couple detailed transport and ecological models. In the following section, we review simple transport models that can be used to couple dispersal and population dynamics. We also discuss the effect of oceanographic and behavioral processes on the specific shape taken by these models.
Linking transport models and dispersal kernels
One way of simplifying the description of larval transport in spatially explicit models is to use first principles (i.e., basic transport processes and larval behavior) to describe larval dispersal as a probability density function, which defines the probability that a larva will settle at a given distance from its release (production) location (Neubert et al. 1995) . These models generally assume that dispersal processes are constant across space, which makes it possible to use a single probability density function for dispersal, or dispersal kernel, for the entire system. The resulting homogeneous dispersal kernel can then be combined with local productivity across the whole shore to provide a simple description of larval supply at each location. This approach ignores the many sources of variability during dispersal, including spatial and temporal variability in oceanographic transport and its interaction with variability in life history strategies among species (e.g., vertical migrations). One approach to addressing the problem of uncertainty is to build transport models implementing these sources of oceanographic and life history variability. Using these models, it is possible to build more mechanistic probability distribution functions for larval dispersal and to explore the validity of their assumptions.
Larvae drift through the coastal ocean as plankton while they develop competency for their next life stage. This advection and diffusion by turbulent coastal circulation disperses planktonic larvae, depending on their planktonic larval duration (PLD) and on behavior influencing their location in the water column. The longer a larva remains in the plankton, the farther it can be expected to be dispersed (on average) by coastal currents. genetic distance measured among populations (figure 2a). The strong relationship found between average dispersal scale and PLD (figure 2a) suggests that physical oceanographic processes acting over the duration of the planktonic larval stage control the scales of dispersion and transport. However, it has long been suggested that organism behavior has a critical role in larval transport and retention. Several examples of this influence are known in tidal estuarine environments, where organisms change their depth distribution in phase with the tidal cycle, either to be retained within the estuary or to be carried out to sea (Stancyk and Feller 1986 , Hill 1991 , DeVries et al. 1994 , but evidence of a general role for organism behavior in net larval transport remains elusive.
Conceivably, larval dispersal kernels could also be estimated from observations of surface flows (Paduan and Rosenfeld 1996) , which could then be used to simulate the trajectory of synthetic drifters from a source region to its eventual settlement. By averaging over many simulated drifter paths with similar values of PLD, researchers could obtain estimates of the probability density function for larval settlement. These data-driven calculations have not yet been made, but they surely will be over the next several years. Alternatively, larval dispersal kernels can be approximated using oceanographic transport models and numerical methods. For example, dispersal can be determined by simulating the dispersion of passive particles and assessing the relationship between the source and settlement locations for the competency windows of an organism. Larval transport can be modeled in many ways, ranging from simple analytical formulations of downstream drift by a mean current to complicated fourdimensional models of circulation that attempt to capture the complex, time-dependent nature of coastal flows.
One numerical approach to assessing dispersal kernels involves the simulation of trajectories for an ensemble of statistically similar planktonic larvae (Siegel et al. 2003) . This approach accounts statistically for the characteristics of a time-dependent flow field by averaging over many independent simulated trajectories. Generally, knowledge of statistical characteristics of the flow field (comparing the mean and variance of current distributions as well as the temporal scale of correlation between trajectories) is used to simulate the trajectory of particles that are first assumed to be passive (Wilson and Sawford 1996) .
Given this set of trajectories, averaging is performed over those trajectories that have reached a coastline within a given organism's settling window. This results in the estimation of a larval dispersal kernel (Siegel et al. 2003) . Modeled dispersal kernels are then explained in terms of only a few readily available oceanographic parameters (mean and variance of horizontal currents) and biological parameters (PLD). The results are consistent with estimates derived from population genetic data and from trajectories of synthetic oceanographic drifters (Siegel et al. 2003) . Using the statistically derived kernels, one can, for example, derive estimates of the fraction of total larvae released from a site that are retained within a marine reserve of extent L (figure 2b). This result demonstrates that a marine reserve will retain most of its larvae if their dispersal scale is less than half its extent (retention for D d /L < 0.5), whereas organisms with large dispersal scales (relative to L) will in effect be exported from the reserve. Thus, the same marine reserve can act both as a source for one species and as a retention reserve for others. Although these results could be taken to indicate the need for networks of protected areas, spatially explicit metapopulation models based on dispersal kernels still largely ignore the importance of onshore species interactions (but see Connolly and Roughgarden 1998). These interactions are well known to control local abundance and diversity in some benthic communities. In the next section, we discuss metacommunity models, exploring how the interaction between local community dynamics and larval dispersal could change the perspective of researchers and planners on the design of marine reserves.
From metapopulations to metacommunities
Marine reserves are implemented to protect the viability of single species or of whole communities. In either case, biological interactions among species cannot be ignored. The local viability of a population depends both on the supply of new recruits through dispersal and on the outcome of local interspecific interactions (figure 1). Community structure and dynamics should thus be explicitly integrated into marine reserve theory. Ecological theory has benefited greatly from experimental and theoretical studies of intertidal communities (Levin and Paine 1974, Paine and Levin 1981) . These studies have highlighted the role of interspecific biotic processes, such as predation, competition, and facilitation (Caswell and Etter 1999) , in regulating benthic communities (Connell 1961 , Paine 1966 , Menge and Sutherland 1976 . These results have been integrated into a general conceptual model of community regulation (Menge 1995 (Menge , 2000 in which local biotic factors consist of top predators controlling lower trophic levels. This top-down control interacts with large-scale, bottom-up physical factors, imposing limits on resource availability for higher trophic levels. Within this framework, the influence of biotic processes is limited to local scales (within sites), and larval supply is included as a bottom-up factor. Theories of intertidal community structure have been incorporated into the open-system framework, in which there is no potential for explicit interactions among distant sites (Gaines et al. 1985, Underwood and Fairweather 1989) . By contrast, metapopulation models assume independence at the smaller scale (i.e., between the dynamics of different species), because the dynamics of different species are defined separately. The potential importance of species interactions has been recognized for intertidal assemblages as well as for fisheries management (NRC 1999) , but fisheries models are still largely based on single-species dynamics. More generally, any human activities in coastal systems are likely to have impacts not only on exploited species but on whole plant and animal communities (Castilla 1999) . Therefore, marine reserve theory needs to incorporate knowledge of local community dynamics.
A model for marine metacommunities. Metacommunity theory has developed as an expansion of metapopulation models (Wilson 1992) . Its goal is to understand the dynamics of potentially interacting populations coupled through dispersal (Klausmeier 2001, Mouquet and Loreau 2002) . In intertidal communities, facilitation between successional species is a well-documented process underlying community structure (Paine 1984 , Bertness et al. 1999 ). In the northeastern Pacific, the mussel Mytilus californianus is the dominant species, outcompeting all the other subdominant species for space in the mid-intertidal habitat (Paine 1984) . These subdominant species include invertebrates such as barnacles and the mussel Mytilus trossulus (figure 1). When waves disturb the mussel bed by creating an opening or gap (Guichard et al. 2003) , this competition for space results in a succession of species colonizing the substratum (Paine and Levin 1981) . In its simplest form, this succession may consist of one subdominant species (a barnacle) and one dominant species (a mussel) (figure 3a). In this simple community, the viability of the subdominant species should be influenced by the availability of gaps in the mussel bed. Because mussel colonization seems to be facilitated by the presence of earliersuccessional species (Connell and Slatyer 1977, Paine 1984) , mussel populations should depend on the ability of subdominant species to invade and cover new gaps.
This coupling between dominant and successional species (facilitation) has been characterized at the site level (Berlow 1997) . But could it affect large-scale dynamics? Community structure theory does not address the consequences of local processes for large-scale dynamics. On the other hand, metapopulation models can make predictions about the large-scale dynamics of spatially coupled populations by assuming uncoupling among species. If species interactions such as facilitation are incorporated into large-scale dispersal models, local variability in community structure can propagate across all communities through larval dispersal. Our model switches from a metapopulation to a metacommunity system, incorporating feedbacks between local and largescale properties. The metacommunity includes (a) local interactions between species within each site and (b) local interactions among sites through larval dispersal kernels (offshore oceanography), which can involve self-seeding through nearshore retention processes such as wavegenerated shoreward currents (figure 3b). Within each site, species compete for space or for other resources such as food and light. Scaled up, these interactions among neighbors translate into site-level abundance of adults, which contributes to determining within-site larval production. Because nearshore processes can lead larvae to remain close to their release locations, some of the larvae produced at a site will recruit in the local onshore community (i.e., through selfseeding). The remaining larvae are transported offshore; some will survive and come back onshore to settle in the intertidal zone at the end of their larval stage. As described above, this redistribution of dispersed larvae can be described by a dispersal kernel derived from first principles (figure 3b). In the section below, we explore the properties of spatial patterns emerging from metacommunity dynamics and show that local community structure and dispersal can interact to gen-erate regional patterns of species distribution, even in idealized homogeneous environments.
Linking large-scale patterns and local processes. Because the metacommunity integrates larval dispersal and community dynamics, its dynamics will be influenced by parameters of colonization, disturbance, production, species interactions, and larval transport. The sensitivity of the metacommunity model to some of these parameters has been discussed elsewhere (Guichard et al. 2003 ), but it is useful to examine the behavior of the model in response to variation in a community-level process (facilitation). We first consider the case of colonization with no facilitation, which results in an almost homogeneous distribution of mussels (no pattern; figure 4a ). Assuming colonization with no facilitation is equivalent to saying that mussel colonization is independent of the presence of barnacles. Adding facilitation between barnacles and mussels results in increased variability and in structured spatial patterns (figure 4a). However, strong facilitation ultimately leads to synchronized oscillations associated with weak spatial variability (figure 4a). The strength of local species interactions can thus determine the presence of patterns along the shore. One important problem to be addressed, then, is that of characterizing patterns. Can patterns of species distribution tell us anything about processes? Can community structure influence the scale of patterns generated from metacommunity dynamics and explain spatial variability occurring at a scale much larger than species interactions or larval dispersal?
One way of characterizing patterns is by looking at their scaling behavior, that is, the relationship between correlation (or variability) and the distance separating different sites. Looking at this relationship in relation to facilitation, we show that intermediate facilitation leads to spatial variability and to large-scale correlation in the distribution of abundance (figure 4b). The correlation scale can be seen as the characteristic or average scale of patchiness in the distribution of mussels, and the scaling analysis reveals that this scale is much larger than the dispersal distance. Because dispersal distance represents the scale of the process that generates distribution patterns, it can be concluded that a local dispersal process is responsible for large-scale mussel distribution. This conclusion is opposed to the prevailing paradigm in marine ecology, which assumes that large-scale patterns are imposed by environmental heterogeneity at corresponding scales.
These results show that the metacommunity approach is a productive way to study coastal systems as complex adaptive systems. Complex-system theories explore the role of local interactions among components of a system in the prediction and understanding of its macroscopic properties (Auyang 1998 , Levin 1999 . More precisely, when the full knowledge of each component of a system is not enough to predict its observed large-scale properties, these theories suggest that emergent or self-organized large-scale properties can result from the scaling up of local (small-scale) interactions The dominant species (species 2), the mussel Mytilus californianus, is disturbed by waves at rate d, which create gaps of available empty substratum (state 0). Opportunistic or subdominant species, such as barnacles (species 1), can colonize empty substratum at rate r b . Mussels, in turn, can colonize barnacle cover at rate r m , but they can also directly colonize empty space at a rate γr m , proportional to r m and to the facilitation rate (1 -γ). When 1 -γ = 0, mussels ignore barnacles (competitive hierarchy), and mussel dynamics are equivalent to those in a singlespecies model. As 1 -γ increases, facilitation increases as well, leading to an increased coupling between mussels and barnacles, which become an obligatory substrate for mussels. (b) Metacommunity model showing how larval supply β at location x along the onshore community transect depends on the proportion of local larval production at location x that is not dispersed (1 -w) and on the number of larvae produced at location y and reaching x through dispersal along the offshore transect. Dispersal is described by the dispersal kernel D x -y , assuming that larvae are transported at a constant speed c and settle onshore at a time-dependent rate a. Local production depends on abundance (ρ i ), on local interspecific interactions (as described in panel a) at each location x, and on the fecundity (f i ) of each species i, where i = 1 or 2 (i.e., barnacles or mussels). among components. Large-scale correlation in the distribution of organisms is one such property, shown here to emerge from local species interactions and dispersal in the metacommunity model. Facilitation can actually be shown to determine the scale of resulting patterns with scale invariance observed at a critical facilitation value (1 -γ = 0.7). Among the many possible scaling behaviors of patterns, scale invariance has received particular attention from ecologists, because it reveals patterns that are correlated at all scales, and because it potentially represents a robust signature of local processes and of self-organization (Solé et al. 1999) .
The consequences for conservation are important, because such an approach can switch the focus of research and management from trying to understand the system at different, independent scales to an integrative cross-scale approach, elucidating the scaling up from local community structure to large-scale larval transport and finally to global patterns of species distribution and diversity. Because the distribution of species is a major consideration for the design of reserves, we will conclude by showing how these results could provide a promising avenue for the development of marine reserve theories.
Marine reserve design in complex adaptive systems
Earlier approaches to marine reserve design have adopted either a nondynamic perspective (based on habitat selection) or a perspective focusing on single-species dynamics. More recent marine reserve studies combined both approaches into site-selection algorithms. For example, to constrain the distances between individual reserves, the criteria used to design a network of marine reserves in the Gulf of California included criteria based on habitat quality (e.g., species richness) and on the dispersal distance of key species that managers were attempting to conserve (Sala et al. 2002) . Similarly, proposed sites for the Channel Islands reserve network were selected on the basis of static habitat properties, while recognizing the importance of maintaining connectivity through larval dispersal (Airame et al. 2003) . For management within individual sites, there is a growing consensus regarding the necessity of protecting ecological processes to maintain the observed diversity that confers a high value to candidate sites (Roberts et al. 2003) . Despite these efforts to use both population connectivity and habitat criteria in site-selection algorithms, there are still few explicit integrations of the two approaches that take into account their interaction. The metacommunity model presented here reveals some of the potential complexities of a combined approach.
What is gained by studying coastal habitats as metacommunities and complex adaptive systems? By ignoring the self-organization of large-scale patterns, current site-selection methods assume that large-scale biological features of conservation value are static and imposed by physical features at corresponding scales. This assumption allows marine reserve planners to use species diversity as both a conservation goal and a site-selection criterion, because it posits that current distribution of species can be used as a good predictor of the long-term value of candidate sites. The metacommunity model, in contrast, reveals the potentially dynamic nature of large-scale patterns and the potential circularity found in current site-selection methods. The metacommunity model also suggests that large-scale patterns are self-organized, meaning that within-site processes are responsible for regional patterns. This means that the design of reserve networks on the basis of local (within-site) ecological processes is likely to have global effects on the distribution of species, although the results discussed here do not directly address this poten- tial feedback between local management and ecological dynamics. Patterns can be misleading as the bases for designing reserves, because they are often manifest at scales much different from those of the underlying processes. Many recent studies have contributed to the theory of marine communities (Connolly and Roughgarden 1999 ) and of population connectivity (Cowen et al. 2000 , Lipcius et al. 2001 . Our key point in this article is that understanding how these mechanisms and processes interact is fundamental to the long-term success of marine reserves. Models of metacommunity dynamics generate predictions that could influence the science underlying marine reserve design. More directly, these models point toward further empirical and theoretical studies to validate the self-organized nature of patterns and to explore the interaction between reserve design and metacommunity dynamics.
To improve the design of marine reserves, planners must recognize that ecological systems are complex adaptive systems, in which macroscopic patterns emerge in part from microscopic processes and in turn feed back to influence those processes in fundamental ways. Improving marine reserve design further requires integrating biological and physicochemical influences across diverse scales of space, time, and biological organization. Finally, researchers and planners must integrate empirical and modeling approaches, from individuals to ecosystems. Coastal marine systems can be approximated as metacommunities in which propagules are exchanged among components, and in which the persistence of one species depends on that of others. Hence, if the focus of research and planning is restricted to the local scale, or to static measures of ecosystem health, ill-conceived management schemes can result. Only through an integrated, dynamic global perspective can scientists and managers achieve the goals of marine conservation.
